Mycobacterium tuberculosis synthesizes specific polyketide lipids that interact with the host and are required for virulence. Using a mass spectrometric approach to simultaneously monitor hundreds of lipids, we discovered that the size and abundance of two lipid virulence factors, phthiocerol dimycocerosate (PDIM) and sulfolipid-1 (SL-1), are controlled by the availability of a common precursor, methyl malonyl CoA (MMCoA). Consistent with this view, increased levels of MMCoA led to increased abundance and mass of both PDIM and SL-1. Furthermore, perturbation of MMCoA metabolism attenuated pathogen replication in mice. Importantly, we detected increased PDIM synthesis in bacteria growing within host tissues and in bacteria grown in culture on odd-chain fatty acids. Because M. tuberculosis catabolizes host lipids to grow during infection, we propose that growth of M. tuberculosis on fatty acids in vivo leads to increased flux of MMCoA through lipid biosynthetic pathways, resulting in increased virulence lipid synthesis. Our results suggest that the shift to host lipid catabolism during infection allows for increased virulence lipid anabolism by the bacterium.
M
ycobacterium tuberculosis, the causative agent of tuberculosis, synthesizes and secretes a wide array of biologically active polyketide lipids that interact with the host (1) . Genes involved in the synthesis and export of surface-exposed lipid virulence factors such as phthiocerol dimycocerosate (PDIM) and sulfolipid-1 (SL-1) are required for bacterial growth and virulence in mice (2) (3) (4) (5) . Surface-exposed lipids provide protection against host induced damage as well as modulate the immune response to infection (6, 7) .
Most surface-exposed lipids are synthesized by specialized polyketide synthases that elongate straight chain fatty acids by the stepwise addition short acyl chains. PDIM is the product of two such systems (Fig. 1) . Mas synthesizes methyl branched mycocerosic acids through successive additions of methyl malonyl CoA (MMCoA) (8, 9) , whereas PpsA-E synthesize phthiocerol (10) . PDIM is exported to the cell surface via the MmpL7 transporter (2, 11) . Similarly, Pks2 incorporates methyl branches into the virulence lipid SL-1 (12) . MmpL8 is required for the complete synthesis of SL-1 and a biosynthetic precursor, SL 1278 , accumulates in mmpL8 Ϫ cells (4) .
Host lipids also play an important role during infection as they appear to be the primary carbon source for M. tuberculosis in vivo. Bacteria harvested from infected tissues preferentially metabolize fatty acids over carbohydrates (13) and the icl1 and icl2 genes, which are required for growth on lipids as a sole carbon source, are required for growth in vivo (14, 15) . Furthermore, icl1 and icl2, along with genes involved in the ␤-oxidation of fatty acids, are up-regulated during M. tuberculosis infection (16) (17) (18) (19) (20) (21) .
In this work, we analyzed the global lipid profile of M. tuberculosis using Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) (4, 22) and discovered that the size and abundance of PDIM and SL-1 are controlled by the availability of a common precursor, MMCoA, and that this regulation occurs during infection. Our results suggest that growth of M. tuberculosis on fatty acids during infection leads to increased flux of MMCoA through lipid biosynthetic pathways, resulting in increased virulence lipid synthesis.
Results
For further details, see supporting information (SI) Text, SI Figs. 5-12, and SI Table 1 .
Global Analysis of M. tuberculosis Lipids. To comprehensively analyze lipid regulation in M. tuberculosis, we used FT-ICR MS to simultaneously measure the abundance of the complex array of lipid species produced by the bacterium. We directly infused total lipid extracts of M. tuberculosis cells into the ionization source of the mass spectrometer and observed reproducible spectra containing hundreds of unique lipid species in both negative mode ( Fig. 2A ) and positive mode (data not shown). Accurate mass measurements permitted identification of a number of complex lipid species, including phosphatidylinositol mannosides (PIMs), SL-1, SL 1278 (Fig. 2 A) , and PDIM ( Fig. 3B and SI Fig. 8 ).
In pks2 Ϫ mutant cells, which are unable to synthesize SL-1 (12), SL-1 peaks were completely absent (Fig. 2B) . In mmpL8 Ϫ cells, SL-1 peaks were also absent (Fig. 2B) , but there was a dramatic increase in peaks at m/z 1277.9394 corresponding to SL 1278 ( Fig. 2A) (4) . Likewise, in fadD26 Ϫ , fadD28 Ϫ , mas Ϫ , and tesA Ϫ cells, which are defective in the synthesis of PDIM (2), all PDIM peaks were absent (SI Fig. 8 , data not shown).
Increased Production of SL-1 in PDIM Synthesis Mutants. Surprisingly, in cells defective for PDIM synthesis, we observed greatly increased amounts of SL-1 (Fig. 2B ). This increase was unexpected because PDIM synthesis mutants have been well characterized by other methods, but these differences had not been previously detected. In addition to being more abundant, SL-1 from PDIM mutants was also of higher average mass as compared with that from wild-type bacteria. The increase in abundance and average mass was specific to SL-1, with the exception of a slight increase in the abundance of several unknown species at m/z 1826. 73, 1854.77, 1942.89, and 1970 .91 (data not shown). We quantified SL-1 abundance and found that, on average, there was a 2-to 3-fold increase in the amount of SL-1 in PDIM synthesis mutants as compared with wild-type (SI Fig. 5A ). We also calculated a weighted average mass of SL-1 and found a dramatic shift in the average mass of SL-1 of Ͼ100 amu (SI Fig.  5B ). Interestingly, SL-1 production in mmpL7 Ϫ cells is similar to wild type (Fig. 2B) , demonstrating that SL-1 is regulated in response to inhibition of PDIM synthesis and not to cell wall perturbations due to absence of PDIM.
We hypothesized that inhibition of PDIM production may lead to transcriptional activation of SL-1 synthesis genes. To test this, we performed microarray experiments to compare the global gene expression of wild-type, fadD26
Ϫ and pks2 Ϫ cells (data not shown). Significance analysis of microarrays (23) on data from three repetitions of the experiment revealed that fadD26 was the only mRNA consistently reduced Ͼ3-fold in fadD26 Ϫ cells as compared with wild type, and similarly, pks2 was the only transcript differentially expressed in pks2 Ϫ cells. Therefore, the increased SL-1 production in PDIM synthesis mutants is likely due to posttranscriptional regulation. Because both PDIM and SL-1 biosynthetic pathways share a common precursor, MMCoA (12, 24) , a simple model is that in the absence of PDIM synthesis, greater amounts of MMCoA are available to the SL-1 biosynthetic pathway, leading to increased SL-1 production. To test this, we added increasing concentrations of a precursor of MMCoA, propionate, to wild-type cells (over the course of three doublings) and found that they responded by making 2-to 5-fold more SL-1 that was of higher average mass by Ͼ100 amu (Fig. 3A and SI Fig. 6 B and C) . Likewise, propionate addition to mmpL8 Ϫ cells, led to a 2-fold increase in the amount of SL 1278 and an increase of Ϸ24 amu in the average mass, consistent with the SL-1 result (SI Fig. 7) .
We also added propionate to the mas mutant to test whether we could further increase the already elevated SL-1 production in these cells. Although there was no significant increase in SL-1 abundance, there was an increase of Ͼ50 amu in the average mass of SL-1 at higher concentrations of propionate (SI Fig. 6A ). These results indicate that MMCoA is limiting for SL-1 synthesis during growth in culture and its availability regulates production of SL-1.
We also observed an increase in both abundance and average mass of PDIM upon addition of propionate ( Fig. 3B and SI Fig. 8 ).
Interestingly, pks2
Ϫ and mmpL8 Ϫ cells do not make significantly more PDIM than wild-type (SI Fig. 8 ). Because SL-1 is much less abundant than PDIM (unpublished observations), it is possible that inhibition of SL-1 synthesis does not alter the concentration of MMCoA enough to affect PDIM synthesis. Taken together, our results indicate that production of PDIM and SL-1 are coupled via the metabolic flux of a common precursor, MMCoA, and that increased flux of MMCoA through both pathways leads to an increase in PDIM and SL-1 production.
Increased Average Mass of PDIM Is Due To Increased Chain-Length of
Mycocerosic Acids. To determine the differences between low and high mass forms of PDIM, we performed collision-induced dissociation on the different PDIM ions. We found that although the mass of mycocerosic acids increased with higher mass forms of PDIM, the mass of the phthiocerol moiety remained constant (SI Fig. 9 ). The 1402 and 1486 forms of PDIM differ by a mass of 42 amu in each of their mycocerosic acids, which corresponds exactly to the addition of a single propionate molecule. Thus, it is likely that the mycocerosic acids in the 1486 form have an additional methyl branch as compared with the 1402 form due to increased incorporation of MMCoA during their synthesis (25) . These data suggest that, although the Pps enzymes are precise in the number of functional groups they incorporate, Mas is more flexible and is able to polymerize a variable number of methyl branches as a function of intracellular MMCoA concentration. (33) is shown. The trehalose-2-sulfate core is esterified with two hydroxy-phthioceranic groups, one phthioceranic group and a palmitate or stearate. (B) The structures of phthiocerol, mycocerosic acids and PDIM are shown. Pps, phthiocerol synthase; Mas, mycocerosic acid synthase. PDIM consists of two mycocerosic acids esterified to phthiocerol. Mas synthesizes the methyl branched mycocerosic acids through successive additions of MMCoA (8, 9), whereas PpsA-E synthesize phthiocerol (10). FadD26 and FadD28 are responsible for activating straight chain fatty acids for transfer to Pps and Mas, respectively (34) . MmpL7 and DrrC are required for transport of PDIM to the cell wall (2, 3).
Perturbations in MMCoA Regulation Lead to Altered PDIM and SL-1
Production and Attentuation in Vivo. We also tested whether altering endogenous MMCoA production in vivo would lead to changes in PDIM and SL-1 production. We overexpressed MMCoA mutase, which catalyzes the conversion of the citric acid cycle intermediate succinyl CoA to MMCoA (26) , by introducing an episomal plasmid carrying the M. tuberculosis mutAB genes into wild-type bacilli (Fig. 4A) . This resulted in a marked increase in the average mass of SL-1 and PDIM but, in contrast to the addition of propionate, led to a decrease in their total abundance (reduction of 30% for PDIM and 80% for SL-1, Fig. 4B and SI Fig. 10 ). Although the reason for this is unclear, it is possible that chronic overexpression of MutAB depletes citric acid cycle intermediates, leading to pleiotropic effects on cell metabolism. In the case of propionate addition, propionate is most likely converted directly from propionyl CoA to MMCoA via a propionyl CoA carboxylase. Several propionyl CoA carboxylase homologs exist in M. tuberculosis and one of these has recently been characterized (27) . PDIM and SL-1 production are specifically affected while the rest of the lipid mass-spectrum observed in MutAB overexpressing cells was similar to wild-type (data not shown). MutAB overexpressing cells also doubled with same kinetics in culture as wild-type cells carrying the empty vector (doubling time of 25 h), showing that MutAB overexpression did not affect cell growth and viability.
We assessed virulence of the MutAB overexpressing strain by infecting BALB/C mice via the aerosol route. We found that, during infection, bacterial growth of the MutAB overexpressing strain is significantly attenuated (Ϸ10-fold) compared with wild-type cells by 3 weeks (P Ͻ 0.0001), similar to what we observed for fadD26 Ϫ cells ( Fig. 4C and SI Fig. 11 ). We also found that, although there was no plasmid loss in the wild-type or fadD26
Ϫ cells carrying the empty vector, there was 90% plasmid loss in the MutAB overexpressing strain in mouse lungs by 6 weeks, demonstrating a strong selective advantage for cells that had lost the plasmid (Fig. 4C) . Furthermore, mice infected with the MutAB overexpressing strain survived significantly longer than those infected with wild-type ( Fig. 4D, P Ͻ 0.02) . These data clearly show that the strain overexpressing MutAB is attenuated relative to wild-type cells and that proper regulation of MMCoA in the bacterial cell is critical for virulence. sequent increase in the concentration of citric acid cycle intermediates or an increase in odd-chain fatty acid metabolism could lead to increased production of MMCoA in vivo leading to increased virulence factor production during infection. To test this possibility, we analyzed lipids extracted from M. tuberculosis infected lungs during infection. Although SL-1 levels were below the limit of detection, PDIM was readily observed by FT-ICR MS (Fig. 4E) . Importantly, we found that M. tuberculosis produced high mass forms of PDIM in vivo, with an average mass of 1,430 amu compared with 1,403 amu for PDIM extracted from in vitro grown cells. The increase in mass was similar to that observed from wild-type cultures grown in the presence of propionate (Fig. 4E) , suggesting that this regulation is due to increased concentration of MMCoA in vivo.
Increased Synthesis of PDIM and SL-1 During Growth on Odd-Chain
Fatty Acids. The increased mass of PDIM during infection suggests a link between anabolism of virulence polyketides and catabolism of host lipids. Therefore, we grew M. tuberculosis in culture on different short-chain fatty acids as a sole carbon source and monitored lipid production. There was no increase in PDIM or SL-1 production upon growth on acetate and the even-chain fatty acid butyrate as compared with glucose, but we observed a significant increase during growth on propionate and the odd-chain fatty acid valerate ( Fig. 4F and SI Fig. 12 ). These data suggest that the increased mass of PDIM observed in vivo during infection was due to released propionyl CoA from ␤-oxidation of odd-chain fatty acids. also offered a highly sensitive way of analyzing lipid virulence factors under different conditions and allowed us to discriminate between species with varying lengths of lipid chains. Ion trapping and subsequent collision-induced dissociation also allowed us to elucidate more detailed structural information about the molecules in question. In this way, we were able to determine that increased synthesis of PDIM under high MMCoA conditions was due exclusively to increased length of the mycocerosic acids, whereas the phthiocerol portion of the lipid was insensitive to precursor concentration. These results suggest that the Pps enzymes are precise over the range of MMCoA concentrations inside the cell but the processivity of Mas is influenced by substrate availability. This flexibility was also apparent for Pks2 during SL-1 synthesis.
Metabolic Coupling of Virulence Lipid Synthesis. We have gained insight into the compensatory cellular lipid changes that occur upon genetic perturbation. Our experiments show that interconnections between seemingly disparate pathways can complicate standard genetic analysis of lipid biosynthetic mutants. Using FT-ICR MS, we made the unexpected discovery that the production of two lipid virulence factors of M. tuberculosis, PDIM and SL-1, are coupled via the metabolic flux of a common precursor, MMCoA. We suggest that, in the absence of PDIM synthesis, there is increased concentration of the MMCoA precursor, which is used in the SL-1 biosynthetic pathway, leading to the observed increase in abundance and mass of SL-1. It is important to note that mmpL7 Ϫ cells have a comparable virulence phenotype to PDIM biosynthetic mutants (2), indicating that SL-1 up-regulation cannot compensate for the loss of PDIM during infection. Exogenous addition of a direct precursor of MMCoA, propionate, to wild-type cells results in increased abundance and mass of both PDIM and SL-1. This finding further supports the notion that increased flux of MMCoA through both pathways leads to an increase in PDIM and SL-1 production.
Although both mmpL8 Ϫ and pks2 Ϫ cells do not make SL-1, mmpL8 Ϫ cells have attenuated growth in vivo, whereas pks2 Ϫ mutants do not (4). It is possible that compensatory regulation exists in pks2 Ϫ mutants that is not present in mmpL8 Ϫ cells. Although there are no significant changes in PDIM in pks2 Ϫ cells, we observed an increase in abundance of unknown lipid species at m/z 1826. 73, 1854.77, 1942.89, and 1970 .91 under conditions of high propionate as well as in pks2 Ϫ cells and PDIM synthesis mutants but not in mmpL8 Ϫ cells. These are likely to be methyl-branched lipids that, perhaps, play a role in virulence.
Regulation of Virulence Lipid Synthesis During Infection. FT-ICR MS
has allowed us to directly analyze M. tuberculosis lipids from infected tissue. The increased mass of PDIM recovered from infected organs suggests that high levels of MMCoA exist during infection. Although we cannot rule out the possibility that Mas has increased processivity in vivo due to other reasons, the simplest model is that high levels of MMCoA lead to increased flux of this metabolite through polyketide biosynthetic pathways, resulting in greater production of pathogenic lipids by M. tuberculosis. Increased levels of MMCoA could be due to either increased availability of propionate in animal tissues, upregulation of MMCoA production by the bacteria during growth on fatty acids, or increased propionyl CoA due to ␤-oxidation of odd-chain fatty acids by the bacteria. Although all three may happen during infection, our data suggest that the last likely occurs as PDIM and SL-1 production was stimulated only during growth on valerate, but not on butyrate (Fig. 4F) . Thus, we propose that virulence polyketide anabolism is directly regulated by the metabolic shift to growth on fatty acids, including odd-chain fatty acids, during infection.
Propionyl CoA released from the catabolism of odd chain fatty acids can also be assimilated into the citric acid cycle via the methyl citrate cycle. A recent study showed that this pathway is dispensable for M. tuberculosis virulence in mice and proposed that methyl-branched polyketide production may act as a sink to buffer the increased concentration of propionyl CoA in the absence of this pathway in vivo (29) . Our results are consistent with this idea. This finding raises the interesting possibility that additional control mechanisms exist to regulate the flux of propionyl CoA through catabolic or anabolic pathways during M. tuberculosis infection.
Materials and Methods
Strains and Plasmids. M. tuberculosis cells (Erdman strain) were cultured in 7H9 medium supplemented with 10% OADC, 0.5% glycerol, and 0.05% Tween-80, or on 7H10 solid agar medium with the same supplements plus 50 mg liter Ϫ1 cycloheximide and without Tween-80. Kanamycin (20 g ml Ϫ1 ) was used where necessary. All strains and plasmids used in this study are described in SI Table 1 .
Biochemical Extraction of Lipids. Cells were synchronized to an OD 600 of 0.2 and grown to an OD 600 of 0.8. Ten milliliters of cells were harvested by centrifugation, and total lipids were extracted by the Bligh-Dyer method (30) . For samples analyzed in positive mode, Tween-80 was removed by resuspending extracts in a 1:1 mixture of hexanes and water, mixing thoroughly, and centrifuging. The organic layer was extracted with water five times.
Addition of Propionate to Cultures. Cultures of M. tuberculosis were synchronized to an OD 600 of 0.1 and propionic acid (P1386; Sigma, St. Louis, MO) was added at the indicated concentration daily over the course of three doublings until the cells reached an OD 600 of 0.8. Ten milliliters of culture was used to extract lipids as described above. Cells doubled with the same kinetics independent of the propionate concentration used.
Growth of M. tuberculosis on Fatty Acids. Cultures of M. tuberculosis were synchronized to an OD 600 of 0.1 and resuspended in media containing either 0.1% glucose or 10 mM acetate, propionate, butyrate or valeric acid as the sole carbon source, along with 0.47% 7H9, 0.5% albumin, 0.085% NaCl, and 0.05% Tween-80, as described (29) . Cells doubled with the same kinetics independent of the media used and 20 ml of culture was harvested at an OD 600 of 0.4 for lipid extraction.
Extraction of Bacterial Lipids from Mouse Lung Tissue. Lungs from infected mice were homogenized in PBS and pelleted by centrifugation. Host lipids were extracted by washing the homogenates three times with 5 ml methanol. The remaining material was extracted with 4 ml 1:1 chloroform/methanol solution and agitated for 8 h. The organic extracts were clarified by centrifugation and analyzed by FT-ICR MS.
FT-ICR MS Methods. Total lipids extracted from cells as described above, were resuspended in 2:1 chloroform/methanol solution and introduced into the mass spectrometer by means of an Apollo (Bruker-Daltonics, Billerica, MA) pneumatically assisted electrospray source operating in positive or negative ion mode. Mass spectra were acquired on a Bruker-Daltonics Apex II FT-ICR mass spectrometer (31) and experiments for structural analysis of lipid components were performed as described previously (22) . For details see SI Text. Total abundance of lipid species was calculated by summing the peak intensities as measured by FT-ICR and reported by Xmass. Average mass was calculated as a weighted average using peak intensities as weights.
Microarray Analysis. RNA was harvested from log phase grown cells as described (32) and reverse transcribed to generate cDNA. Dye-conjugated cDNA samples were competitively hybridized on microarrays containing oligonucleotide spots representing every gene in M. tuberculosis (Qiagen, Valencia, CA). See SI Text for details. Significance Analysis of Microarray was used to detect statistically significant differences in gene transcription between strains (23).
Mouse Infections. Bacteria were grown to log phase, cupsonicated by using a Branson Sonifier 250 at 90% for 15 s, spun for 5 min at 40 ϫ g to remove clumps, and diluted to the desired inoculum in PBS. Bacteria were administered to BALB/C mice via nebulization for 15 min using a custom built aerosolization chamber (Mechanical Engineering Shops, University of Wisconsin, Madison). For normal dose infections (Fig. 4 C and D  and SI Fig. 11) , an OD 600 of 0.1 was used, which resulted in an initial seeding of Ϸ250 bacteria per mouse. For high-dose infections with the wild-type Erdman strain (Fig. 4E) , an OD 600 of 0.8 was used, resulting in an initial seeding of Ϸ1,400 bacteria per mouse and an average of 8 ϫ 10 8 cfu in the lungs at 19 days. BALB/C mice thus infected had severely reduced longevity to Ϸ3 weeks. Organs from infected mice were homogenized and plated for cfu as described (2) . Four to five mice were used per timepoint. Survival times (Fig. 4D) were assessed by euthanizing mice upon 15% weight loss. All mice were housed and treated humanely using procedures described in an animal care protocol approved by University of California, San Francisco, Institutional Animal Care and Use Committee. Statistical analysis was performed on cfu data using the nonparametric Mann-Whitney test and on survival data using a log-rank test.
